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INTRODUCTION
Plants can shape the soil microbial community structure to recruit special microbial groups in the rhizosphere against pathogen infection (Cook et al. 1995; Mendes et al. 2011) . The deposition of plant mucilage and root exudates directly influences the assemblage and activities of the rhizosphere microbiota (Kent and Triplett 2002) . The root exudate composition can vary between plant species, cultivars and developmental stages (Mark et al. 2005; Cavaglieri, Orlando and Etcheverry 2009; DeAngelis et al. 2009; Micallef, Shiaris and Colón-Carmona 2009) . Several studies have shown the involvement of the rhizosphere microbiota in the specific suppression of root pathogens in natural disease suppressive soils (Weller et al. 2002; Mendes et al. 2011; Cha et al. 2016; Chapelle et al. 2016) . Specific suppression is generally developed during successive monoculture of a susceptible cultivar in field soils infested with certain pathogens (Raaijmakers and Mazzola 2016) . However, an understanding of the impact of monoculture cropping on the assembly of bacterial and fungal communities in relation to disease suppression remains unclear.
Plant parasitic nematodes affect the quality and quantity of root exudates, which may influence rhizosphere microorganisms (Kerry 2000) . Altered root exudation may activate antagonistic microbes to establish a parasitic relationship with plant parasitic nematodes. Although microbial antagonists parasitize and protect plants against pathogen infections, both high abundance and activity are needed for efficient antagonism (Bull, Weller and Thomashow 1991; Raaijmakers et al. 1995; Berendsen, Pieterse and Bakker 2012) . Wheat take-all disease is a classic example of an increase in the abundance of antagonistic microbes during continuous wheat monoculture resulting in an increase of 2,4-diacetylphloroglucinol-producing Pseudomonas spp., thereby contributing to the decline in take-all disease (Weller et al. 2002) . Microbiome studies have indicated that the mechanism of suppressiveness of Rhizoctonia root rot disease during sugarbeet monoculture involves fluorescent pseudomonads via the production of lipopeptide antibiotics (Mendes et al. 2011) . A number of studies have revealed that natural disease suppression does not reflect the presence of a single taxon but rather the high abundance of several taxa or special functional groups of microbes corresponding to disease suppressiveness (Sanguin et al. 2009; Mendes et al. 2011; Chapelle et al. 2016) .
The soybean cyst nematode (SCN; Heterodera glycines Ichinohe) is an obligate sedentary parasite and accounts for substantial economic losses worldwide (Ma et al. 2005) . The continuous planting of soybean in northeastern China, where SCN occurs widely, has resulted in the development of a number of suppressive soils (Sun and Liu 2000) . In these soils, a decline in SCN population densities is frequently observed when cultivation is sustained for more than 8 years, and less SCN eggs were recorded compared with conducive soils (Zhu et al. 2013) . A similar phenomenon concerning the population decline of H. schachtii has been reported in fields with the subsequent cropping of sugarbeet, demonstrating that antagonistic microorganisms cause the suppressiveness observed in these crops (Borneman and Becker 2007) . So far, the culture-dependent and culture-independent microbiome assessments of nematode suppressive soils have shown several functional groups of bacteria and fungi that could potentially be involved in the suppression of nematodes in suppressive soils (Westphal and Becker 2001; Yin et al. 2003a,b; Borneman and Becker 2007; Xiang et al. 2010; Zhu et al. 2013; Adam et al. 2014) . However, both bacterial and fungal microbial communities have not been analyzed using next-generation sequencing of phylogenetic markers, and the assembly of these microbial communities after nematode suppression in monoculture field soils has not yet been investigated. Based on previous studies, we hypothesized that the shift of a soil from conducive to suppressive state after the continuous monoculture of plants results in specific microbial changes in the rhizosphere. Hence, the aim of this study was to investigate the impact of monoculture cropping on the assembly of bacterial and fungal communities in the plant rhizosphere for disease suppression. To this end, we conducted growth room pot experiments with naturally infested SCN soils collected from experimental soybean-monoculture fields located in northeastern China to assess the impact of short-term monoculture (STM) and long-term monoculture (LTM) cropping on the composition of rhizospheric bacterial and fungal communities and SCN suppression.
MATERIALS AND METHODS

Soil sample collection and physiochemical analyses
Soil samples were collected from short-term (5 years or less) and long-term (6 years or more) soybean-monoculture fields, located in Anda (AD), Baicheng (BC), Fulaerji (FL), Heihe (HH), Hailun (HL), Sunwu (SW) and Wudalianchi (WD) counties, northeastern China. The preferred sampling sites and fields within each location were close enough to minimize climatic and edaphic variations (Table S1 , Supporting Information). The soils were collected at a depth of 0-30 cm from 20 sites (targeted rows of plants) across the field in a zigzag sampling pattern immediately after soybean harvesting. Each soil sample was air-dried and mixed thoroughly prior to passing through 2-mm pored mesh to remove plant debris and stones and was then placed in a plastic bag and transported to the laboratory in a cool box.
A portion (ca. 500 g) of each soil sample was applied for the analysis of physical and chemical properties. The total N and total P of the soils were measured using an AA3 HR AutoAnalyzer (SEAL Analytical, Mequon, WI, USA) and analyzed using Windows-based AACE software according to the manufacturer's instructions. The remaining analyses of the physical and chemical properties of each soil sample were conducted at Advanced Standard Technical Services (Beijing, P.R. China).
SCN extraction and initial egg density determination
A subsample of 500 g was used to extract SCN cysts by decanting the soil suspension through an 850-μm-diameter aperture sieve onto a 250 μm aperture sieve, followed by sucrose floatation and centrifugation. The SCN eggs were released from cysts after breaking in a 5-ml glass tissue grinder and subsequently suspended in a 37% sucrose solution after centrifugation at 2500 × g for 5 min. The extracted eggs were collected on a 25-μm aperture sieve and counted in a 12-well tissue culture plate (Nest Biotechnology) under an inverted microscope (Olympus CK40).
Growth chamber bioassay to assess disease suppressiveness of soils
The soil suppressiveness was evaluated by adding the fresh SCN eggs to the soil samples at 1500 eggs/100 g of dry soil, followed by thorough mixing. A control treatment (CK) was designed by autoclaving the soil sample from the longest soybean-monoculture field (BC-38yr) at 121
• C for 1 hour prior to the inoculation of healthy eggs. Two soybean seeds of the SCN susceptible variety 'Sturdy' were sown in PVC pots (11 cm in diameter and 9 cm in height) containing 450 g dry soil with an initial moisture content of ∼10% (v/w), and the pots were covered with polyethylene bags to retain moisture for seed germination. The plants were grown in a growth chamber at 24
• C -25
• C with a photoperiod of 16 h light/8 h dark. Three days after seed germination, each pot was thinned to one seedling and watered at 2-day intervals. Three pots (replicates) for each soil sample were prepared, and all pots were distributed on the bench in a completely randomized design. The soybean plants were harvested after 56 days to measure the SCN egg densities.
Collection of rhizosphere soil and extraction of DNA
Plant roots were gently collected from soil discarded from the pot. After gently shaking to remove the loosely attached soil particles, the roots were vortexed in 50-ml tubes containing 0.1% Tween 20 solution to wash off the tightly adhered rhizosphere soil and facilitate soil descent for 5 min. The soil suspension in the tube was centrifuged at 12 000×g for 15 min after the roots were carefully removed. The supernatant was discarded, and the rhizosphere soil was collected and stored at -80
• C for future DNA extraction.
The collected rhizosphere soils were subjected to DNA extraction. Three replicates of rhizosphere soil from each sample were used to isolate DNA using the FastDNA Spin Kit for Soil (MP Biomedicals) according to the manufacturer's instructions. The DNA concentrations were measured using a NanoVue plus (Biochrom Ltd, UK).
Ultra-high-throughput barcoded amplicon sequencing
High-throughput sequencing was adopted to investigate bacterial and fungal richness, diversity and composition in soybean-monoculture fields across seven locations in northeastern of China. The bacterial V4 region of the 16S rRNA gene and the ITS1 region of the ITS locus were targeted and PCR amplified using the individually bar-coded forward primers V4-F, 5 -GTGCCAGCMGCCGCGGTAA-3 ; ITS1-F, 5 -CTTGGTCATTTAGAGGAAGTAA-3 and reverse primers V4-R, 5 -GGACTACHVGGGTWTCTAAT -3 ; ITS2, 5 -GCTGCGTTC TTCATCGATGC-3 . The DNA concentrations were adjusted to 20 ngμl −1 for each sample in the PCR reaction. Briefly, the PCR reaction (50 μl) contained 200 μmoles of dNTPs, 0.4 μmoles of each gene-specific primer, 1X reaction buffer and 3 unit of Taq DNA polymerase (TransGen, Beijing). The PCR amplifications were performed in triplicate reactions on a Veriti Thermal Cycler (Applied Biosystems) under the following conditions: initial denaturing at 94
• C for 5 min, followed by 35 cycles at 94
• C for 50 s,
54
• C for 30 s and 72
• C for 40 s, with a final extension step at 72 • C for 10 min. Negative controls with no template DNA were also included in the PCR amplification reactions. The amplified products were pooled for each monoculture year and subjected to gel electrophoresis for purified amplicons using the EasyPure Quick Gel Extraction Kit (TransGen, Beijing). The purified amplicons were adjusted to the same concentration and products encoding different barcodes were combined into a single library for sequencing on the MiSeq system. The pooled samples containing different barcodes were loaded onto the MiSeq reagent cartridge, and the cartridge was then loaded into the instrument along with the flow cell. The automated cluster generation and pairedend sequencing with a 13-cycle index read were performed without any further user intervention (Novogene, China).
Analysis of 16S rRNA and ITS gene sequence
Primary data analysis (image analysis, base calling) was performed on a MiSeq instrument. The sequences were analyzed using the Quantitative Insights Into Microbial Ecology (QIIME) toolkit with default parameters for each step, as previously described (Caporaso et al. 2010) . The bacterial and fungal sequences at lengths shorter than 250 and 200 nucleotides, respectively, were removed. De novo and referencebased chimera checking was performed, and sequences characterized as chimeric were also removed. More than 0.47 million quality-filtered reads for bacteria and 1.1 million quality-filtered reads for fungi were obtained for the rhizospheric soil samples, with an average of 29 463 reads per sample for bacteria (min = 11 540 and max = 36 919) and 72 729 reads per sample for fungi (min = 19,535 and max = 1,64,304). The bacterial reads were clustered into OTUs at the ≥ 97% sequence similarity level using the open-reference OTU picking protocol in UPARSE-pipeline (Edgar 2013) , and each cluster was represented by its most abundant sequence. Taxonomic configuration of bacterial OTUs was performed by searching the Basic Local Alignment Search Tool for each representative sequence against a subset of the Silva database (Quast et al. 2013) . The fungal sequences were subjected to ≥ 97% sequence similarity single-linkage clustering using GenBank (Benson et al. 2008) and UNITE (Abarenkov et al. 2010) as reference taxonomic databases.
Data analysis
To understand the changes in bacterial and fungal communities during assembly in the rhizosphere after LTM and identify significant changes in the relative abundance of key taxa, we used custom R scripts executed using R v3.0.2 to calculate the percentage of classified reads. Mothur v 1.34 was used to calculate the alpha diversity within samples. Before analysis, the samples were divided or multiplied to normalize the abundance to the equivalent of 11 540 reads for bacteria and 19 535 reads for fungi. Rarefaction analyses were performed separately for bacteria and fungi to discern the level of OTUs richness. Diversity indices Shannon H and Dominance D were also calculated with respect to sequence depth. Rarefaction curves were generated using the R package vegan 2.2-1 to determine bacterial and fungal OTUs richness within each sample. Beta-diversity calculations were initially computed using non-rarefied OTU counts. The R package 'Phyloseq' with the function 'ordinate' was used to simultaneously calculate unweighted and weighted UniFrac dissimilarity matrices and the principal coordinate analyses (PCoA). The proportions of total variance explained by the PCs were recorded. We further constructed unweighted and weighted UniFrac dissimilarity matrices in QIIME using the command Jackknifed beta diversity.py on rarefied sequence counts (1000 in each sample). Bray-Curtis dissimilarity matrices for bacterial and fungal communities were constructed based on the log 2 -transformed OTU relative abundance. Only OTUs with a relative abundance above 0.5% in at least one sample were included in the analysis. Constrained PCoA were performed in R using the function capscale, constrained by monoculture samples with different field environments. The significant difference between the ordination and confidence intervals for the variance was determined using an ANOVA-like permutation test (functions permutest and anova.cca) with 999 permutations. All the R functions used for the beta diversity calculations were retrieved from the R Package vegan 2.2-1. A multivariate statistical analysis, including multiple regression and correlation, was performed to understand the relationship between SCN densities and soybeanmonoculture years. Significant differences between SCN densities across seven locations were evaluated using ANOVA, and Duncan's multiple range test was used to compare treatment means. The treatments were considered significant when P < 0.05. The soybean cyst nematode egg densities were recorded at 56 dpi after greenhouse pot experiment (n = 3). The soil samples from different locations with STM and LTM year (yr) were placed on X-axis and SCN egg densities on Y-axis. Different letters on the bars show significant differences among soil samples (P < 0.05).
RESULTS
Bioassay of disease suppression in the soil samples
One or two soil samples from LTM fields (6-38 yr) and STM fields (5 yr or less) in each of seven different locations in northeastern China were collected (Fig. 1A) . The bioassay of the soil suppressiveness against Heterodera glycines in growth chamber pot experiments showed that the control treatment (CK), involving the autoclaving of LTM soil (BC-38yr), significantly increased SCN egg densities (4010 ± 467.65 eggs/100 g of dry soil) compared with other soil treatments. The SCN egg densities in all of the LTM soil samples were significantly suppressed and ranged from 26.66 ± 8.81 in AD-13yr to 650 ± 45.82 in HL-8yr in the 100-g dry soil samples. In contrast, STM field soils resulted in relatively higher egg densities (P < 0.05), ranging from 220 ± 41.63 to 2380 ± 254.03 in 100 g of dry soil (Fig. 1B) . Overall, in five out of the seven locations, LTM soils had a significantly lower number of SCN eggs compared with STM soils. In a previous study, we demonstrated that the turnaround time for the induction of soil suppressiveness against SCN was 8 years, and soils with <8 years of soybean-monocultures were considered to be STM (Zhu et al. 2013) . However, the turnaround period for SCN suppression was 6 to 8 years in this study, suggesting a slight influence of the localities. The regression analysis also indicated that egg densities were significantly reduced from STM to LTM (Fig. S1 , Supporting Information). These results indicated that the suppressiveness of successive monoculture soils against H. glycines has a microbial basis because the suppressive activity was lost after autoclaving.
A soil physiochemical analysis was also performed to understand the potential role of abiotic factors in the soil suppression of SCN. However, there were no significant differences in the physiochemical properties between soil samples of the same location for short-and long-term monoculturing (Table S2 , Supporting Information), indicating that soil abiotic factors are not involved in the soil suppression of SCN.
Impact of soybean monoculture on the assembly of bacterial communities
The rhizospheric bacterial communities were analyzed by pyrosequencing the 16S amplicon, recovering 471 419 high-quality 16S rRNA sequence reads. These reads were clustered into 3703 OTUs at 97% sequence similarity and used to calculate phylum level abundance within kingdom bacteria. This analysis revealed that assembly of the rhizosphere bacterial communities was markedly affected by the LTM and STM of soybean. To compare the alpha-diversity (within-sample diversity) of samples with uneven sequence counts, we rarefied the data using Mothur, and rarefaction curves were generated to observe the OTU richness in each sample. The results showed that LTM cropping decreased alpha diversity in assembled bacterial communities, except for the AD-13yr sample ( Fig. 2A and Table S3 , Supporting Information). In addition, the rhizosphere of the soybean plant grown in autoclaved soil (CK; BC-38yr) showed higher species richness than in LTM soil (BC-38yr). We also estimated beta-diversity using unweighted (based on presence or absence of taxa) and weighted (based on abundance of taxa) UniFrac distance metrics and visualized PCoA to determine variation between rhizobacterial communities of all soil samples from the seven locations. Overall, the results showed little variation, but no significant differences were observed in the rhizobacterial communities in LTM and STM soils samples measured by unweighted UniFrac and weighted Unifrac (Fig. 2B and C) , respectively. CAP analyses revealed that different locations with monoculture samples explain 54% of the overall variance of the data based on Bray-Curtis metrics (Fig. 2D) , and the constrained ordination showed the clustering of the samples with respect to closed geographical locations ( Fig. 2D and Fig. S2 ).
Bacterial taxa involved in nematode suppression
To further our understanding of the impact of successive monoculture cropping on the assembly of bacterial communities and disease suppression, rhizobacterial taxa with increased relative abundance after LTM cropping were detected. In all treatments, the soybean rhizosphere was dominated by phylum Proteobacteria, followed by Actinobacteria and Bacteroidetes (Fig. 3A and Table S4 , Supporting Information). The high abundance of Proteobacteria in rhizosphere largely reflects the abundance of Alphaproteobacteria, followed by Gammaproteobacteria and Betaproteobacteria. Compared with STM samples, the abundance of Alphaproteobacteria, Betaproteobacteria and Actinobacteria in all samples significantly varied, while Gammaproteobacteria showed an increase in relative abundance in LTM soils ( Fig. 3B and Table S5 , Supporting Information). At the family level, the abundance of Pseudomonadaceae gradually increased with increasing years of soybean monoculture at each location ( and Table S6 , Supporting Information). Specifically, the abundance of the genus Pseudomonas was significantly higher in rhizosphere of soybean seedlings in LTM soils than that in STM soils and CK (Fig. 3D and Table S7 , Supporting Information). These results revealed that LTM cropping increases the abundance of special bacterial taxa in the rhizosphere that may be involved in the soil suppression of H. glycines.
Subsequent analyses focused on other microbial genera with biocidal, metabolic and parasitic capabilities. Bacterial genera, such as Burkholderia, Chitinophaga and Streptomyces, have antagonistic traits (El-Banna and Winkelmann 1998; Garbeva et al. 2011) and were also enriched in the rhizosphere of soybean in LTM soils of AD-13yr and SW-15yr but decreased in FL-30yr and WD6yr. The genera Burkholderia, Chitinophaga and Streptomyces also showed an increased relative abundance in HH-10yr, BC-38yr and HL-8yr, respectively ( Fig. 3D and Table S7 ). This result indicated that some key taxa may respond to SCN suppression in certain locations, except taxa such as Pseudomonas, which were commonly involved in all samples.
Assembly of fungal communities in successive soybean monoculturing
The fungal communities in the soybean rhizosphere in LTM and STM soils were investigated. A total of 1 163 674 high-quality ITS sequencing reads were recovered and clustered into 1439 OTUs at 3% distance sequence dissimilarity. The samples with uneven sequence counts were initially rarefied using Mothur to compare alpha-diversity of the samples. Rarefaction analysis showed that samples with successive monoculture cropping for more than 13 years cause a decrease of alpha diversity in the assembled fungal communities in the rhizosphere (Fig. 4A and Table S3 ). Generally, the fungal taxa were fewer in the rhizosphere of plants in LTM soils compared with STM soils. We further used the unweighted and weighted UniFrac distance metrics to estimate beta-diversity. The variation between the rhizospheric fungal communities of LTM and STM samples was visualized by generating PCoA. The results of these analyses showed little variation of fungal communities along PCoA 1 and PCoA 2 between LTM and STM samples measured by unweighted UniFrac. However, there was no significant difference observed between STM and LTM. Interestingly, we observed the clustering of LTM samples from three locations AD-13yr, BC-38yr and FL-30yr (Fig. 4B ), despite differences in soil composition (Table  S2 ), implying that the shared climate likely drives this pattern. The weighted UniFrac distance metric also derived a similar pattern and divided the samples into two distinct clusters based on monoculture samples and geographical location (Fig. 4C) . We also used the canonical analysis of principal coordinates to quantify the influence of geographical locations on monoculture samples. CAP analysis revealed that different locations with monoculture samples explained 56% of the overall variance of the data based on BrayCurtis metrics (Fig. 4D) , 47% with the unweighted UniFrac and 55% with weighted UniFrac dissimilarity matrices (Fig. S3) . These results indicated that monoculture cropping and geographic heterogeneity potentially interact to shape the fungal communities at the root-soil interface.
The fungal taxa contributing to soil suppressiveness against Heterodera glycines
To obtain a more in-depth understanding of the soybeanmonoculture cropping on assembly of fungal communities in the rhizosphere microbiome, we focused on changes in the abundance of rhizospheric mycotaxa after LTM. The overall phylogenetic distribution of the fungal communities across different samples was associated with the dominance of phylum Ascomycota, followed by Zygomycota, Basidiomycota and Chytridiomycota ( Fig. 5A and Table S4 ). Although the fungal community was dominated by members of Sordariomycetes, Eurotiomycetes, Agaricomycetes and Leotiomycetes at the class level ( Fig. 5B and Table S5 ), considerable variation in their composition across entire samples was observed at the family level ( Fig. 5C and Table S6 ). Among the dominant fungal genera, the relative abundance of nematophagous fungi in the genera of Purpureocillium, Pochonia and Clonostachys in the soybean rhizosphere generally increased in the LTM soils ( Fig. 5D and Table  S7 ). However, the dominant fungi were not detected in all geographical locations. The genus Purpureocillium was highly abundant in LTM samples, except for WD, where the Purpureocillium was not detected in STM and LTM soil samples. The relative abundance of Pochonia gradually increased in the north LTM soils of HH-10yr, SW-15yr and WD-6yr, and Clonostachys was gradually increased in their relative abundance in BC-38yr, HH10yr, SW-15yr and WD-6yr. In addition, the relative abundance of Mortierella gradually decreased in LTM compared with STM soils, except BC-38yr and HL-8yr, and the abundance of Fusarium showed significant variation across sampling sites among the dominant fungal genera (Fig. 5D and Table S7 ). These results suggest that successive monoculture cropping and environmental heterogeneity are the main driving factors to exploit the functional fungal taxa in soybean rhizosphere to induce soil suppressiveness.
Current results revealed that some special taxa, such as Pseudomonas, Purpureocillium, Pochonia and Clonostachys, were gradually increased in abundance with monoculture years of soybean in most of the soil samples tested and should be the core microbes commonly responding to SCN suppression. However, some key taxa, such as Fusarium, Mortierella, Burkholderia, Chitinophaga and Streptomyces, with biocontrol functions in certain suppressive soils, are also a prerequisite for the induction of soil suppressiveness. These data also indicated that bacterial and fungal communities are jointly involved in the soil suppression of SCN in the LTM cropping system.
DISCUSSION
Mechanisms underlying the development of disease suppressive soils by continuous monoculture are complex. The decline of nematode Heterodera avenae was observed in the UK (Collingwood 1962) and throughout northern Europe after the successive monoculture of wheat, and microbial taxa such as Verticillium chlamydosporium, Catenaria anguillulae and Nematophthora gynophila were considered causative agents (Kerry, Crump and Mullen 1982; Kerry and Crump 1998) . Over the last decade, it has been documented that disease suppressive soils are of biological origin in nature, and some dominant microbial taxa are involved in this suppression (Weller et al. 2002; Mazzola 2007) . Recent microbiome studies on disease suppressive soils against fungal root pathogens have also demonstrated that special microbial groups are also involved in this suppression (Mendes et al. 2011; Cha et al. 2016; Chapelle et al. 2016) . The results of this study indicated that some core microbes, such as Purpureocillium lilacinum and Pseudomonas spp., consistently corresponded to SCN suppression, while other key microbes, such as species in Pochonia, Clonostachys, Fusarium, Burkholderia, Chitinophaga and Streptomyces, were dominant in some suppressive soils. The involvement of case-dependent dominant microbes in suppressive soils may well explain why the turnaround period for the development of nematode suppression is also case dependent. Although Zhu et al. (2013) reported that the turnaround period is 8 years for SCN suppressive soils, the egg densities of SCN in soils with 6 years of monoculture history (WD-6yr) were not significantly different from those of LTM soils (BC-38yr and FL30yr); thus, we proposed 6 to 8 years for the turnaround period. Overwhelming scientific evidence has shown that soil microbiota in successive monoculturing cropping systems are continuously exposed to the roots of host plants with natural capability to recruit certain microbial groups for protection against soilborne pathogens (Cook 2006) . However, the impact of successive monoculture cropping on assembly of rhizospheric microbial communities and disease suppression is not well understood. The results obtained from soil samples under monoculture for different lengths of time in seven locations indicated that soybean monoculturing can constantly exploit specific functional taxa for protection of roots against nematode infection, and the soybean rhizosphere and root exudates may have more influence on bacteria than fungi. However, the differences in functional fungal taxa that respond to suppressiveness across various locations suggested that geography also plays a key role, such as the preference of Purpureocillium in southern LTM soils and Pochonia in northern LTM soils. It has previously been reported that P. chlamydospora prefers a lower temperature than P. lilacinum (Manzanilla et al. 2013) . Moreover, variations across geographic patterns have also been observed to shape the microbiota of the maize rhizosphere and their interactions in nature (Green and Bohannan 2006; Berg and Smalla 2009) . Overall, the microbes responding to soil suppressiveness could be different across different geographical locations.
Although Actinobacteria and Bacteroidetes were the dominant phyla detected in the soybean rhizosphere in all soil samples tested, the phylum Proteobacteria was the most dominant. In particular, the class Gammaproteobacteria in this phylum has shown an increased abundance in LTM soils compared with STM soils. Further analysis showed that Pseudomonas in the Pseudomonadaceae family was the only dominant genus in the rhizosphere that showed a gradual increase in abundance in LTM samples across all locations. The contribution of antagonistic pseudomonads was declared important against soil-borne plant pathogens (Mazzola et al. 1992; Chapon et al. 2002; Weller et al. 2007; Sanguin et al. 2009) , and Pseudomonadaceae has also been implicated in other plant disease suppressive soils (Mendes et al. 2011) , suggesting that some plants secrete similar components to enhance this type of bacteria for root protection. However, Burkholderia, Chitinophaga, Streptomyces and Variovorax were also highly abundant in the rhizosphere of soybean in some LTM soils, suggesting that soybean roots selectively enhance certain bacteria for root protection at different locations. These taxa produce diverse metabolites, exhibit biocidal activities and induce antagonistic traits in other bacterial taxa (El-Banna and Winkelmann 1998; Garbeva et al. 2011; Han et al. 2011) . In addition, Pasteuria, an obligate parasite of plant parasitic nematodes, has been associated with SCN suppression in the USA as well as eastern and southeastern China (Sayre et al. 1991; Atibalentja et al. 1998; Ma et al. 2005) . We also detected this parasite in the LTM soils of AD-13yr, FL-30yr and WD-6yr. The contribution of juvenile parasites to SCN suppressiveness should be specifically investigated in the future.
The rhizosphere microbiota has been extensively studied in different disease suppressive soils, primarily focusing on bacterial communities. However, as one of the most important group of soil microbial community, fungal communities have been overlooked. The animal nature of plant-parasitic nematodes is different from pathogenic fungi and bacteria. Nematophagous fungi have been extensively investigated for several decades as biological control agents of nematodes (Barron 1977) . Genera such as Purpureocillium, Pochonia and Clonostachys are the most encountered fungi associated with eggs, females and cysts of sedentary nematodes, and Pochonia chlamydosporia is one of the fungi that contribute to the decline of cereal cyst nematode in Europe (Kerry 1975) . Fungi were an essential part in soil suppressiveness against SCN in this study. The distinct variations in fungal communities along LTM and STM and across geographical locations suggest that fungi may play more functions in the suppressiveness than bacterial community. The high relative abundance of nematophagous fungal genus Purpureocillium, Pochonia and Clonostachys was observed in the rhizosphere of soybean plants. These functional taxa may accumulate biomass in the rhizosphere, reflecting the increased parasitism rate with increasing monoculture years. The fungus Purpureocillium is a promising biological control agent that effectively parasitizes the eggs of the plant parasitic nematodes and is occasionally associated with female of nematodes (Prasad, Varshney and Adholeya 2015) . The genus Pochonia, particularly the species Pochonia chlamydosporia, is a promising antagonist of cyst and root knot nematodes (Sung et al. 2007; Manzanilla et al. 2013) , and this species parasitizes nematode eggs (Giné et al. 2016) . The genera Clonostachys and Fusarium have also been implicated in the suppression of plant parasitic nematodes (Zhang et al. 2008; Waweru et al. 2014) . We also detected Hirsutella spp. across all locations in this study. The species of this genus are the dominant biocontrol agents of H. glycines (Liu and Chen 2001; Hussain et al. 2016; Wang et al. 2016) and were considered to respond to the SCN suppressive soils because they have been detected in the soybean monoculture fields in northeastern China (Xiang et al. 2010) . Overall, the fungal community is one of the most important contributors to nematode suppressive soils, except the bacterial community, which is more important in fungal disease suppressive soils.
In conclusion, successive monoculture clearly affected the assembly of bacterial and fungal communities in the rhizosphere for disease suppression. The variations in microbial community structure range from STM to LTM, and the increased abundance of exclusive microbial taxa in successive monoculture systems provides a detailed description of the development of suppressive soils against SCN. These findings clarify the basic concepts that SCN suppressive soils developed with successive monoculture systems that may be a complex community-based phenomenon. However, future studies are required to understand the functional attributes of these microbial communities and develop synthetic microbial communities for biological control of plant parasitic nematodes.
